This paper discusses the design and testing of a resonant accelerometer developed for integrated surface-micromachining processes. First-and second-generation designs are presented. The sensors use leverage mechanisms to transfer force from a proof mass to double-ended tuning fork (DETF) resonators used as force transducers. Each fork forms the basis of an integrated oscillator to provide the output waveforms. The DETFs on the first-generation device have a nominal frequency of 175 kHz, and the sensor has a scale factor of 2.4 Hdg. The oscillators on this device exhibit a root Allan variance floor of 38 mHz (220 ppb). The second-generation, higher-sensitivity sensor uses DETFs with a nominal frequency of 68 kHz and has a measured scale factor of 45 Hdg.
INTRODUCTION
A resonant sensor is a device whose response to the measurand is a frequency shift. Historically, sensors based on vibrating elements have been considered highly attractive, as they are generally quite sensitive and possess a wide dynamic range [l] . The quasi-digital nature of the output signal also makes this sensor class easy to integrate into digital systems [2] . Quartz-based resonant sensors have been used in many commercial applications, including navigation-grade precision accelerometers [2] [ 31.
Some recent work has focussed on micromachined resonant sensors in bulk silicon processes [4] [5], but this class of sensor has not yet been pursued in a surface-micromachining technology. Because of this, the design trade-offs are not yet well-understood. Resonant sensing is a powerful measurement technique, and surface-micromachining has already proven itself as a manufacturable technology. The combination of the two has the potential to produce high-quality, low-cost sensors.
To demonstrate the feasibility of resonant accelerometers in a surface-micromachining technology, a prototype device has been fabricated at Analog Devices, Inc. in the BiMEMS foundry process. The transducers themselves are double-ended tuning fork (DETF) resonators whose natural frequencies are a function of an applied force. Force is transferred to the forks from the proof mass by a leverage mechanism. This mechanism also amplifies the force during the transfer, increasing the scale factor of the sensor. Oscillators based on the tuning forks provide the output waveforms of the device. A microphotograph of 
MECHANICAL DESIGN
A microphotograph of the accelerometer itself is shown in Figure 2 . The polysilicon is 2 pm thick, the tuning fork tines are 2 pm x 220 pm, and the proof mass is approximately 120 pm x 150 pm. When an acceleration is applied to the device, the proof mass hinges about the pivot beam and applies forces to the two DETFs. One of these forks is subject to a tensile force which raises its natural frequency. The other experiences a compressive force, lowering its frequency. Each fork is kept resonating at its natural frequency by a sustaining amplifier, and the frequency difference between the two forks is the output of the sensor. This push-pull configuration gives the device a firstorder temperature compensation.
In order to maximize the scale factor available from the small inertial mass, a leverage system is used to magnify the force applied to the tuning forks [6] . The pivot beam and proof mass approximate a fulcrum and lever, as shown in Figure 3 . This magnifies the force applied to the tuning forks by approximately an order of magnitude. Naturally, the scale factor of the sensor is magnified by the same amount. To compensate for any bending moments applied to the tuning forks, the beams linking 
ELECTRICAL DESIGN
Each of the tuning forks on the accelerometer structure has its own sustaining amplifier. In each case, the amplifier and tuning fork form an oscillation loop that generates an output waveform at the natural frequency of the DETF. These oscillators must be as stable as possible in order to minimize the sensor noise floor.
The oscillation loop is shown in Figure 4 . The tuning fork itself is a variant of previously-demonstrated micromachined resonators [7] . Each tine has drive and sense combs attached to it, and the two tines of each fork are driven and sensed in parallel. This arrangement rejects unwanted vibration modes and gives the resonator a series RLC electrical model similar to that of a quartz crystal. Near resonance, the reactive component of the impedance is small, and the DETI; has a primarily resistive behavior.
The amplifier, whose purpose is to convert the output current from the tuning fork into a voltage used to drive the structure, consists of two inverter stages [7] . The first stage is an inverting amplifier with a PMOS device used as a resistor placed in feedback around it. This stage is responsible for the actual transimpedance function, with the PMOS device serving as a variable resistor that sets the gain of the stage. The second stage is a simple inverting amplifier, the output of which is sent both to an output buffer and back to the fork itself.
Left to itself, this circuit would drive its tuning fork far into the nonlinear vibration regime, which is detrimental to oscillator stability [SI. To limit the amplitude of oscillation, an offchip gain control loop was implemented. After filtering, a diode rectifier and low pass filter are used to detect the output amplitude and set the voltage on the gate of the PMOS resistor. The effect is that as the oscillation amplitude grows, the gain of the amplifier drops. When the gain is no longer enough to cause the amplitude to increase further, a steady state condition is reached.
FABRICATION AND TESTING
The resonant accelerometer described above was fabricated in the Analog Devices BiMEMS foundry process [9]. In order to achieve a sufficiently high Q for oscillation, the device had to be tested in vacuum. A bell jar was constructed to allow a ceramic DIP package to be held at 150 mTorr by a roughing pump during testing. The feedthroughs of this bell jar were attached to a circuit board, and the board and jar were bolted together. This allowed gravitational acceleration to be applied to the chip while in vacuum. For higher forces, the test electrodes to either side of the proof mass were used to apply electrostatic forces.
The response of the individual tuning forks to these applied forces is shown in Figure 5 . The Nominal frequency: 176152 Hz forks are 174.9 and 176.1 kHz, a mismatch of 0.7%. The scale factor as measured with a ztlg test is 2.4 Hz/g. As can be seen, the response of each fork is in line with expectations, and the sensitivities of the two forks are well-matched, despite the asymmetry of the sensor design. In order to characterize the oscillators, the two outputs were multiplied against each other, the high-frequency component was removed, and the resulting frequency difference was analyzed. The noise contributions from each fork were assumed to be equal, an assumption borne out by comparison of the two power spectra. This analysis method allowed the measurement of small fractional fluctuations without need of an external reference. The Allan variance was chosen as a figure of merit based on its applicability to signal processing of resonant sensor
The frequency difference power spectrum and single-oscillator Allan variance data are shown in Figures 6 and 7 , respectively. For an oscillation amplitude such that the noise floor is 58 dB/Hz below the carrier, the constant region of the root Allan variance, or "frequency flicker floor," occurs at 38 mHz (220 ppb). Using model fitting techniques, the Q of open-loop forks on the same chip was estimated at 72,000. 
DISCUSSION
Much better noise performance can be expected from oscillators based on these high-Q elements. There are two major sources of noise present in this system, one linear and one nonlinear. The dominant linear noise source is the PMOS resistor in the sustaining amplifier. This resistor, located at the front end of the circuit, generates a large amount of current noise and gives the oscillation loop a very high noise floor. The effect at low oscillation amplitudes is to bury the signal in white noise, making it hard to detect and difficult to limit to linear regimes of operation. If the noise due to this source demands that the oscillation be at a nonlinear amplitude, the oscillator will never be very stable. In addition, this noise source is responsible for the
Sample Time (sec) Figure 7 : Allan variance behavior of integrated oscillator 1 /~ portion of the root Allan variance graph, demonstrating that white noise hinders frequency measurements at high rates. Afi improved front end of this circuit based on a Pierce configuration [ 101 should reduce this noise source by at least an order of magnitude.
The second noise source in this system is nonlinear and the dominant noise source at lower sampling frequencies. This source has been shown to be a nonlinear mixing of the l/f noise of the sustaining amplifier around the carrier signal [8] . This mixing takes place when low-frequency drift in the sustaining circuits causes a series resistance drift in the tuning fork itself. Because the resonator is not vibrating in a truly linear regime, some amplitude-frequency effect remains. The resistance shift interacts with the gain control circuitry to produce an amplitude shift and along with it, a change in frequency. This noise source is responsible for the flicker floor, beyond which further timeaveraging produces no decrease in frequency fluctuation. It can be minimized by reducing the amplitude of vibration to reduce
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Figure 8: Photograph of second-generation accelerometer the nonlinearity, by reducing the l/f noise of the circuitry, or by an integrated AC-coupling scheme to remove the low-frequency drift from the tuning fork drive comb.
The two primary factors affecting the noise floor of a resonant sensor are the scale factor of the device and stability of its oscillators. While the first-generation design is useful to show proof of concept, it does not maximize the scale factor possible in a surface micromachining technology. To this end, a secondgeneration accelerometer, shown in Figure 8 , has been fabricated in the integrated surface-micromachining process at Sandia National Labs [ l l ] . The polysillicon is 2 pm thick, the DETFs are 2 pm x 180 pm, and the proof mass is approximately 460 pm x 540 pm.
The mechanical design of this sensor incorporates several design improvements. The low-stress-gradient polysilicon allows a larger proof mass, and the improved leverage system provides greater magnification, both of which increase the scale factor. Making the leverage system symmetric removes any potential sensitivity to angular accelerations and improves the overall robustness of the device. It also removes the necessity of designing the tuning fork against transferred moments. Testing on the device is still underway, but in initial characterization, the sensor has shown a base output frequency of 68 kHz and has demonstrated a sensitivity of 45 Hz/g in f l g tests.
CONCLUSIONS
First-and second-generation resonant accelerometer designs have been produced in two different surface-micromachining technologies. These devices are functional and their behavior is in line with expectations. With the further study of these sensors and their design models, the trade-offs involved in using resonant sensing techniques in surface-micromachining technologies can be more deeply understood. Future work will include design of lower-noise oscillators and testing of shock and temperature sensitivities.
